The efficient formal total synthesis of histrionicotoxin alkaloids was achieved. In this process, two key reactions were used to construct a core 1-azaspiro[5.5]undecane framework common to histrionicotoxins: a mercuric triflate (Hg(OTf) 2 )-catalyzed cycloisomerization of a linear substrate, which was developed in our laboratory, and a samarium iodide (SmI 2 )-mediated ring expansion.
Introduction
(À)-Histrionicotoxin 283A (HTX-283A, 1, Fig. 1 ) is an azaspirocyclic histrionicotoxin alkaloid that was rst isolated from skin extracts of the Colombian poison arrow frog Dendrobates histrionicus in 1971 by Witkop et al. 1 It exhibits highly selective inhibition of nicotinic acetylcholine receptors. Since Witkop et al. separated a mixture of six alkaloids including 1 from the skin extracts of 1110 frogs, other members of this alkaloid family have also been identied. In 1992, (À)-histrionicotoxin 235A (HTX-235A, 2) was also isolated as a major constituent by Spande et al. from the other poison frog Dendrobates auratus. The bioactivities have led to its use as important probes in neurophysiology. Establishing an efficient synthetic pathway for histrionicotoxin alkaloids is essential to investigate the development of new biological tools and the structure-activity relationships in more detail.
Regarding the structural features, compound 1 has a unique chemical structure characterized by a core spiropiperidine structure and two cis-enyne side chains. The core spirocyclic skeleton of 1 is conserved in 2, but the two side cis-enyne groups are replaced by allylic and vinylic groups. The spirocyclic skeleton structure of histrionicotoxin alkaloids has prompted many synthetic organic chemists to promote the total syntheses so far.
3 In this contribution, we intended to realize the efficient construction of the core 1-azaspiro[5.5]undecane skeleton common to histrionicotoxin alkaloids based on ring expansion of a 1-azaspiro[4.5]decane one that could be formed in a stereoselective manner from a linear substrate by our original Hg(OTf) 2 -catalyzed cycloisomerization reaction 4 ( Fig. 1) . In this letter, we report the formal synthesis of histrionicotoxins via two key steps: Hg(OTf) 2 -catalyzed cycloisomerization and SmI 2 -mediated ring expansion reactions.
Results and discussion
The retrosynthetic analysis of histrionicotoxin alkaloids is shown in Scheme 1. The spirocyclic ring compound 3 has been converted into histrionicotoxins via introduction of an allylic group by Tokuyama et al.
3i Therefore, we planned to synthesize the 1-azaspiro[5.5]undecane skeleton 3 by applying a SmI 2 -mediated ring expansion reaction, reported by Honda et al.,
5 to 1-azaspiro[4.5]decane skeleton 4, which would be derived from spirocyclic compound 5. Compound 5 would be constructed by the key Hg(OTf) 2 -catalyzed cycloisomerization reaction of linear ynone 6, which would be prepared through acylation of sulfone 8 with pyrrolidinone 7, derived from would be synthesized by alkylation of a lithium acetylide of alkyne 9 with commercially available 1,3-diiodopropane (10).
The total synthesis commenced with the known silyl ether 9, derived from commercially available 3-butyn-1-ol (Scheme 2).
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Alkylation of a lithium acetylide of 9 with 1,3-diiodopropane (10) followed by sulfonylation of the iodo moiety gave sulfone 8. Aer acylation of an a-anion of 8 with the known pyrrolidinone 7, the cyclization precursor 6 was prepared through SmI 2 -mediated desulfonylation. 8 We examined the Hg(OTf) 2 -catalyzed cycloisomerization reaction of precursor 6 as the rst key reaction ( Table 1) . As expected, the reaction proceeded in a stereoselective manner to provide the desired spirocyclic product 5 in an isolated yield of 58%, along with a minor diastereomer 11 (11% and 12%), when 6 was allowed to react with Hg(OTf) 2 (5 and 10 mol%) in MeCN at 0 C (entries 1 and 2, respectively). Increasing the catalyst loading to 20 mol% afforded a better yield (67%) of 5 (entry 3). When the catalyst loading was increased to 30 and 50 mol%, the yield of 5 decreased to 52% and 38%, respectively (entries 4 and 5). The reaction at À20 C resulted in a decrease in the yield of 11 (trace) (entry 6). When the reaction solution was gradually warmed to room temperature from À20 C, the result was the same as that in entry 3 (entry 7). Finally, the effect of reaction temperature was examined (entries 8-10). Entry 9 showed the best conditions (cat. 20 mol%, À30 C) in terms of the yield of 5.
Lowering the temperature resulted in a gradual decrease in the Scheme 1 Retrosynthetic analysis of histrionicotoxins.
Scheme 2 Synthesis of the cyclization precursor 6. 0  5 8  1 1  2  10  0  58  12  3  20  0  67  11  4  30  0  52  11  5  50  0  38  17  6  1 0  À20  67  Trace  7  2 0  À20 to 0  69  17  8  2 0  À20  73  7  9  2 0  À30  77  6  10  20  À40  53  3 a Isolated yield.
yield of 11. Stereochemical assignments of 5 and 11 were achieved by their NOESY spectra; see (ESI †). The reaction mechanism, which we propose at present, is shown in Table 1 . The aminoketal A would be formed through a 6-exo-dig intramolecular oxymercuration to the alkyne p-electron activated by coordination of Hg(OTf) 2 followed by nucleophilic addition of the nitrogen function. The intermediate A could be cleaved by protonation with the generated TfOH to give an iminium ion intermediate B or C. The construction of a carbocycle via Ferrier-type cyclization would provide the desired spirocyclic product 5 with regeneration of the catalyst. Considering the chair-like transition states B and C, the desired 5 would be diastereoselectively obtained by way of the more stable transition state B without steric repulsion with a benzyloxymethyl group as outlined in Table 1 . The by-product 11 would be produced through C.
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According to Procter's conditions, 10 treatment of spirocyclic product 5 with SmI 2 in the presence of H 2 O and triethylamine afforded the desired eq-alcohol 12 as a major diastereomer (58%), along with ax-alcohol 12 (40%) (Scheme 3).
11 The undesired ax-12 was oxidized with Dess-Martin periodinane (DMP) for the recycling use.
12 Aer MOM protection of a hydroxy group in eq-12, a benzylic group was removed by hydrogenolysis using Pd/C. Aer a hydroxy group was converted into a carboxylic acid through one-pot oxidation using 1,5-dimethyl-nor-AZADO (DMN-AZADO) and NaClO 2 , 13 the esterication using MeI and Cs 2 CO 3 afforded ester 14. Deprotection of a TBDPS group using tetrabutylammonium uoride (TBAF) provided the desired alcohol 15. The formal total syntheses of histrionicotoxins were completed from 15 as outlined in Scheme 4. Aer a vinylic group was constructed by Nishizawa-Grieco elimination, 3i The spectral data ( 1 H-and 13 C-NMR) and the optical rotation of our synthetic 3
were consistent with those reported for the previous synthetic compound. 3i It has been reported that compound 3 can be transformed to (À)-1 via (À)-2. 
Conclusions
In summary, the combination of Hg(OTf) 2 -catalyzed cycloisomerization and SmI 2 -mediated ring expansion reactions made it possible to efficiently construct a 1-azaspiro[5.5]undecane framework of histrionicotoxin alkaloids. The synthetic efficiency of key intermediate 3 (15% overall yield and 15 steps based on the known silyl ether 9) was demonstrated in comparison with Tokuyama's method 3i (5% overall yield and 14 steps based on the readily available ketodiester and benzylamine). Our synthetic method will be useful to synthesize HTXs and the derivatives as biological probes.
Experimental

General procedures
1 H-NMR spectra were recorded in deuteriochloroform on Bruker Biospin Avance 300 nanobay (300 MHz), JEOL JNM-ECZ400S or Bruker Biospin Avance III HD 400 (400 MHz), and Bruker Biospin Avance III HD 600 (600 MHz) spectrometers. 13 C-NMR spectra were measured in deuteriochloroform on Bruker Biospin Avance 300 nanobay (75 MHz), JEOL JNM-ECZ400S or Bruker Biospin Avance III HD 400 (100 MHz), and Bruker Biospin Avance III HD 600 (150 MHz) spectrometers. Chemical shis were reported in parts per million (ppm) from tetramethylsilane with the solvent resonance as the internal standard (CDCl 3 : 7.26 ppm for 1 H-NMR, 77.0 ppm for 13 C-NMR). Splitting patterns were designated as "s, d, t, q, and m" to indicate "singlet, doublet, triplet, quartet, and multiplet," respectively. IR spectra were recorded on a JASCO FT/IR-4100 spectrophotometer by the attenuated total reection (ATR) method, unless otherwise noted. High-resolution mass spectra were obtained on a JEOL AccuTOF LC-plus JMS-T100LP (DART). Optical rotations were determined on a JASCO DIP-370 digital polarimeter. Mp are uncorrected and were recorded on a Yanagimoto micro melting point apparatus. Analytical TLC was carried out by precoated silica gel (Merck TLC plates silica gel 60 F254). Flash column chromatography was performed with Merck silica gel 60 (particle size 63-200 mm), Wakogel® 60N (particle size 38-100 mm), and KANTO silica gel 60N (particle size 40-50 mm). All reactions were performed in oven-dried glassware. Tetrahydrofuran (THF) was distilled over sodium metal/benzophenone ketyl. Acetonitrile (MeCN), dichloromethane (CH 2 Cl 2 ), and triethylamine (Et 3 N) were distilled over calcium hydride. Hexamethylphosphoric triamide (HMPA), N,N 0 -dimethylpropyleneurea (DMPU), and N,N-dimethylformamide (DMF) were distilled over calcium hydride under reduced pressure. Methanol (MeOH) was distilled from Mg(OMe) 2 .
Experimental procedures Sulfone 8. To a solution of 9 (ref. 7) (2.10 g, 6.81 mmol) in THF (14 mL) was added dropwise nBuLi (8.86 mL, 5.68 mmol, 1.56 M in hexane) at À78 C under a nitrogen atmosphere, and the solution was stirred for 30 min. Aer DMPU (1.60 mL, 13.3 mmol) was added to the solution, the mixture was stirred for 15 min. To the solution of a lithium acetylide of 9 in THF was added a solution of 1,3-diiodopropane (10) (8.07 g, 27.3 mmol) in THF (14 mL) at À20 C, and the solution was allowed to warm to room temperature and stirred for 10 h. Aer the reaction was quenched with a saturated aqueous solution of NH 4 Cl, the resulting mixture was extracted with EtOAc (Â3). The organic layers were washed with brine, dried over anhydrous Na 2 SO 4 , ltered, and concentrated under reduced pressure. The residue was subjected to ash column chromatography (toluene/hexane, 10 : 90) on silica gel to give a mixture including a desired mono-iodide, which was used in the next reaction without further purication. To a solution of the mixture including a desired mono-iodide in DMF (68 mL) was added NaSO 2 Ph (1.68 g, 10.2 mmol) at room temperature under a nitrogen atmosphere, and the solution was stirred for 5 h. Aer the reaction was quenched with H 2 O, the resulting mixture was extracted with EtOAc (Â3). The organic layers were washed with brine, dried over anhydrous Na 2 SO 4 , ltered, and concentrated in vacuo. The residue was puried by ash column chromatography (EtOAc/hexane, 30 : 70) on silica gel to give 8 (2.24 g, 4.56 mmol, 67% in 2 steps) as a colorless oil: quenched with a saturated aqueous solution of NH 4 Cl, the resulting mixture was extracted with EtOAc (Â3). The organic layers were washed with brine, dried over anhydrous Na 2 SO 4 , ltered, and concentrated under reduced pressure. The residue was subjected to ash column chromatography (EtOAc/hexane, 10 : 90) on silica gel to afford a mixture including a desired sulfone, which was used in the next reaction without further purication.
To a solution of the mixture including a desired sulfone in THF (6.0 mL) and MeOH (4.0 mL) was added SmI 2 (15.0 mL, 1.50 mmol, 0.100 M in THF) at À78 C under a nitrogen atmosphere, and the solution was stirred for 1 h. The reaction was quenched with a saturated aqueous solution of NaHCO 3 , and the mixture was extracted with EtOAc (Â3). The organic layers were washed with brine, dried over anhydrous Na 2 SO 4 , ltered, and concentrated under reduced pressure. Alcohols eq-12 and ax-12 (NaBH 4 reduction). To a solution of 5 (15.7 mg, 24.0 mmol) in MeOH (480 mL) was added NaBH 4 (9.1 mg, 240 mmol) at 0 C under a nitrogen atmosphere. The mixture was allowed to warm to room temperature over 2 h. Aer the reaction was quenched with H 2 O, the resulting mixture was extracted with EtOAc (Â3). The organic layers were washed with brine, dried over anhydrous Na 2 SO 4 , ltered, and concentrated in vacuo. The residue was puried by ash column chromatography (EtOAc/hexane, 10 : 90) on silica gel to provide eq-12 (2.8 mg, 3.96 mmol, 16%) and ax-12 (9.8 mg, 14.9 mmol, 62%) as each colorless oil. Spiroketone 5 from alcohol ax-12. To a solution of ax-12 (75.8 mg, 115 mmol) in CH 2 Cl 2 (1.2 mL) were added NaHCO 3 (92.2 mg, 1.10 mmol) and DMP (146 mg, 345 mmol) at room temperature under a nitrogen atmosphere. Aer the solution was stirred for 50 min, the reaction was quenched with a saturated aqueous solution of NaHCO 3 , and the resulting mixture was extracted with EtOAc (Â3). The organic layers were washed with brine, dried over anhydrous Na 2 SO 4 , ltered, and concentrated in vacuo. The residue was puried by ash silica gel column chromatography (EtOAc/hexane, 10 : 90) on silica gel to give 5 (74.0 mg, 113 mmol, 98%) as a colorless oil.
Methoxymethyl ether 13. To a solution of eq-12 (105 mg, 160 mmol) in CH 2 Cl 2 (3.2 mL) were added DIPEA (264 mL, 1.60 mmol) and MOMCl (121 mL, 1.60 mmol) at 0 C under a nitrogen atmosphere. Aer the mixture was allowed to warm to room temperature, the solution was stirred for 17 h. Aer the reaction was quenched with a saturated aqueous solution of NH 4 Cl, the resulting mixture was extracted with CH 2 Cl 2 (Â3). The organic layers were washed with brine, dried over anhydrous Na 2 SO 4 , ltered, and concentrated in vacuo. . To a solution of 13 (40.6 mg, 57.8 mmol) in MeOH (1.2 mL) was added 10% Pd/C (200 mg, 493 wt%) at room temperature under a hydrogen atmosphere, and the solution was stirred for 4 h. Aer the mixture was ltered with a pad of Celite, the pad was washed with MeOH. The ltrate was concentrated under reduced pressure to afford a mixture including a desired alcohol, which was used in the next reaction without further purication.
DMN-AZADO (9.2 mg, 55.3 mmol), NaClO 2 (81.9 mg, 906 mmol), and NaOCl (5.2 mg, 69.9 mmol) were added to a solution of the mixture including a desired alcohol in MeCN (600 mL) and phosphate buffer (pH 6.8, 190 mL) at room temperature under a nitrogen atmosphere. The mixture was stirred for 22 h, and the reaction was quenched with H 2 O. Aer the resulting mixture was extracted with CHCl 3 , the organic layers were washed with brine, dried over anhydrous Na 2 SO 4 , ltered, and concentrated under reduced pressure. A mixture including a desired carboxylic acid was directly used in the following reaction.
To a solution of the mixture including a desired carboxylic acid in DMF (1.2 mL) were added Cs 2 CO 3 (13.3 mg, 40.8 mmol) and MeI (4.3 mL, 69.0 mmol) at room temperature under a nitrogen atmosphere. Aer the solution was stirred for 9 h, the reaction was quenched with a saturated aqueous solution of Na 2 CO 3 . Aer the resulting mixture was extracted with EtOAc (Â3), the combined organic layers were dried over anhydrous Na 2 . To a solution of 15 (15.5 mg, 38.6 mmol) in THF (800 mL) were added nBu 3 P (48.0 mL, 195 mmol) and 2-nitrophenylselenocyanate (43.4 mg, 191 mmol) at room temperature under a nitrogen atmosphere. Aer the mixture was stirred for 12 h, mCPBA (77%, 71.0 mg, 317 mmol) was added to the solution at 0 C. The mixture was allowed to warm to room temperature and stirred for 3 h. The reaction was quenched with a saturated aqueous solution of Na 2 S 2 O 3 , and the resulting mixture was extracted with CHCl 3 . The organic extracts were dried over anhydrous Na 2 SO 4 and ltered. The ltrate was concentrated in vacuo to afford a mixture including a desired olen, which was used in the next reaction without further purication. To a solution of the mixture including a desired olen in CH 2 Cl 2 (800 mL) was slowly added TFA (200 mL) at 0 C under a nitrogen atmosphere. Aer the mixture was allowed to warm to room temperature, the solution was stirred for 12 h. Aer the reaction was quenched with a saturated aqueous solution of NaHCO 3 , the resulting mixture was extracted with CHCl 3 (Â3). The combined organic layers were dried over anhydrous Na 2 SO 4 , ltered, and concentrated in vacuo. Purication by ash silica gel column chromatography (MeOH/CHCl 3 , 10 : 90) afforded 16 (9.0 mg, 37.6 mmol, 98% in 2 steps) as a colorless oil: (1.40 mL, 140 mmol, 0.100 M in THF) was added to the solution under a nitrogen atmosphere, and the solution was allowed to warm to room temperature over 2.5 h. Aer the reaction was quenched with a saturated aqueous solution of NaHCO 3 , the resulting mixture was extracted with CHCl 3 (Â3). The organic layers were washed with brine, dried over anhydrous Na 2 SO 4 , ltered, and concentrated under reduced pressure. The residue was puried by ash column chromatography (EtOAc/hexane, 50 : 50) on silica gel to give 3 (10.9 mg, 24.3 mmol, 87%) as a colorless oil: R f ¼ 0. 
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